Abstract Vitamin D and its analogs are potent inhibitors of colorectal cancer growth and metastasis. A number of recent studies have defined the intersections between the β-catenin-TCF pathway (a known contributor to colorectal cancer progression) and the vitamin D receptor (VDR) pathway, shedding light on the underlying mechanisms. Vitamin D also regulates the innate immune response, and as such influences susceptibility to inflammatory bowel disease, a predisposing factor in colorectal cancer. Understanding the role of vitamin D in these different contexts will enable development of next generation vitamin D analogs that will serve as both chemopreventatives and cancer therapeutics, without the accompanying side effects of hypercalcemia usually associated with high vitamin D intake. This review summarizes the mechanisms of action of vitamin D and the VDR in the context of the gastrointestinal tract and colorectal carcinogenesis.
Introduction
Colorectal cancer is the third leading cause of cancerrelated death in the United States. It is well established that vitamin D and its analogs function as inhibitors of colorectal cancer progression but until recently the mechanisms underlying this association were unclear. Other predisposing factors for GI tract cancers include the Wnt/β-catenin/TCF oncogenic pathway, which is activated in a large proportion of colorectal cancers as well as the presence of inflammatory bowel conditions (reviewed in [1, 2, 49] ). The past few years have led to some significant advances in our understanding of each of these different mechanisms, including the mapping of a complex series of interactions between the Wnt/β-catenin pathway and the vitamin D receptor (VDR) [1, 3, 4] . Vitamin D influences both the initiation and progression of colorectal cancer via its roles in the regulation of β-catenin signaling and the innate immune response and is therefore an attractive chemopreventative agent for colorectal cancer. However, the high incidence of side effects that are unrelated to the anti-cancer actions of vitamin D is a major concern. Specifically, vitamin D has a limited therapeutic window as an anti-cancer agent due to hypercalcemia and hypercalciuria caused by elevated calcium levels (for recent review see [1] ). This review is intended to update the reader on recent advances in this area and we apologize for our failure to cite many primary references, rather referring to earlier reviews.
Evidence for a role for vitamin D in the prevention and treatment of GI malignancies
Epidemiological studies show an inverse relationship between the incidence of colon cancers and dietary intake or UV-activation of pre-vitamin D. This indicates that vitamin D has chemopreventative properties [2, 5, 6] . Incidence of colorectal disease is associated with a high fat diet or obesity and with low vitamin D intake. VDR expression actually increases with tumor grade (until very S. W. Byers (*) : T. Rowlands : M. Beildeck : Y.-S. Bong late stage), and poor prognosis is associated with increased levels of vitamin D metabolizing enzymes [2, 7] . An antiproliferative effect of vitamin D occurs in a wide variety of cancer cell lines and a large number of target genes have been identified that potentially contribute to the antiproliferative VDR-driven transcriptome. These include cell cycle regulators such as p21 and p27 and regulators of apoptosis such as Bcl-2 and Bax [2, [8] [9] [10] .
Data from animal studies confirms the anti-cancer effect of vitamin D. In carcinogen-treated animal models vitamin D and its analogs are protective against tumor initiation and progression [2, 11] . Studies with VDR -/-mice confirm a role for the receptor in this phenomenon. VDR -/-mice exhibit hyperplasia of colonic epithelium, but not cancer. However, VDR -/-mice do exhibit elevated tumor incidence upon carcinogen challenge and show increased tumor burden when expressing transgenic oncogenes or mutated tumor suppressors [2, 12, 13] . In contrast to many other malignancies the molecular changes underlying most colorectal cancers are quite well known, and involves the APC/β-catenin/TCF pathway with predisposition often a result of inflammatory bowel disease.
Mechanism of vitamin D action in GI cancer
Vitamin D is found in dietary sources although the majority is synthesized by UVB irradiation of the skin. It is then metabolized to 1, 25 dihydroxy vitamin D (active form of D3) in the liver and kidney. This metabolite is responsible for the well-established roles of vitamin D in calcium homeostasis via its activation of the vitamin D receptor (VDR) [2] . The VDR is also implicated in broader roles in the regulation of genes that control cell proliferation, differentiation and apoptosis as well modulation of the immune response, and it is through these pathways that vitamin D exerts an anti-cancer effect. The VDR is central to the cancer-and most of the non-cancer-related actions of vitamin D, but there are mechanistic differences that can hopefully be exploited in order to take advantage of its beneficial chemopreventative properties.
The classical vitamin-D-VDR pathway of gene activation
The VDR is a type II nuclear receptor that interacts with specific DNA-binding sites (vitamin D-response elements, VDREs) within the promoters of vitamin-D-responsive genes. In the absence of ligand, VDR is found bound to DNA in presence of co-repressors. Ligand binding triggers a series of conformational changes including the release of co-repressors, the formation of a VDR-RXR heterodimer, the recruitment of coactivators and the basal transcriptional machinery (reviewed in [2] [1] ). This pathway is almost universally activated very early in colon cancer. Its central player β-catenin is normally phosphorylated by, a multi-protein GSK3β-Axin-APC complex, targeting it for degradation by the proteasome [15] [16] [17] . In the presence of canonical Wnt ligands (via the Frizzled receptor-LRP-5/6 pathway), the GSK3β-Axin-APC complex is inhibited, leading to the accumulation of a pool of unphosphorylated β-catenin. This pool of β-catenin translocates to the nucleus where it interacts with TCF/LEF DNA-binding proteins to act as a transcriptional activation complex [18, 19] . Numerous secreted proteins (e.g. Frizzled-related protein, Wnt Inhibitory Factor-1, Dikkopf (DKK) family members) function to antagonize the Wnt pathway, keeping levels of activated β-catenin low. β-catenin is also recruited to the cadherin-based cell adhesion complexes at points of cell-cell contact at the cell membrane where it forms a bridge between the transmembrane cadherin and intracellular scaffolding proteins via α-catenin. This dual role of β-catenin allows changes in cellcell contact triggered at the cell surface to be transmitted to β-catenin-dependent alterations in gene expression in the nucleus ( [20] , reviewed in [21] ). Activation of the Wnt-β-catenin pathway is a powerful mechanism of oncogenic transformation. For example, mutations in the APC tumor suppressor that regulates β-catenin phosphorylation are found in up to 80% of colon cancers [22] . This dysregulation leads to elevated levels of activated nuclear β-catenin, producing altered profiles of gene expression that are favorable to oncogenesis.
Intersection between the Wnt-/β-catenin/TCF and vitamin D-VDR pathways
Studies from our laboratory and others have positioned β-catenin as a key intermediary in the preventive action of vitamin D and its analogs in colon cancer. It is now known that vitamin D represses β-catenin signaling by direct association with VDR and that β-catenin reciprocally activates VDR [1, 3, 4] .
The first demonstration of a direct interaction between β-catenin and a member of the nuclear receptor superfamily concerned the retinoic acid receptor (RAR) [23] . Subsequent work established that other nuclear receptors including VDR and AR also interact with β-catenin. Retinoic acid, androgen and vitamin D acting through the appropriate nuclear receptor all can transrepress β-catenin-TCF signaling [1, 3, 4] . The extent of repression of β-catenin-TCF by the nuclear receptor is influenced by the cellular context. Repression may result from competition between VDR and TCF/LEF for binding to β-catenin or the coactivator p300 thus reducing availability of coactivators. In other contexts, repression may involve binding of liganded nuclear receptors to TCF/LEF and recruitment of co-repressors, resulting in a stronger suppression of gene expression [1, 3, 24] .
Conversely, β-catenin can also act as a co-activator for VDR-regulated promoters. This occurs via direct molecular interaction between the C-terminus of β-catenin and the AF-2 domain of the nuclear receptor [4] . Acetylation of the β-catenin C-terminal domain discriminates between the outcomes: VDR-mediated repression of β-catenin-TCFdriven promoters versus β-catenin-dependent activation of VDR on VDRE-driven promoters [4] . (Fig. 1) A specific mutation in the AF2 domain (E420Q) abrogates the ability of the VDR to activate VDREcontaining promoters using the classical co-activatorrecruiting model but does not affect its interaction with β-catenin. This mutation is present in some families that exhibit hereditary vitamin D-dependent rickets (HVDDR). HVDDR individuals with the mutation do not show other symptoms normally characteristic of vitamin-D deficiency such as epidermal defects and hair loss [25] . Work from our laboratory has determined that the E420Q mutant cannot interact with classical VDR co-activators but retains the ability to activate VDRE-dependent promoters using β-catenin as a co-activator as well as to activate heterologous promoters [4] . These data indicate that this mutant VDR could be preferentially activated under elevated β-catenin conditions, as is the case in colon cancer.
Molecular modeling techniques were used to further dissect the mechanistic differences between the different modes of VDR-dependent gene activation [4] . In order to recruit classical co-activators upon binding of an agonist ligand (vitamin D), the VDR AF-2 domain undergoes a conformational change resulting in the full agonist conformation (closed H12 conformation). The E420Q mutation is predicted to prohibit the full closure of H12, resulting in a partial agonist conformation and preventing recruitment of classical co-activators. However, the partial agonist conformation of H12 is sufficient for activation of VDR by β-catenin, explaining the ability of E420Q VDR to activate gene promoters in presence of elevated β-catenin. Both types of activation are liganddependent [4] .
VDR ligands (partial antagonists) that block the activation of VDRE-dependent promoters by the classical coactivator recruitment model do not prevent the interaction between β-catenin and VDR [4] . These observations imply that vitamin D analogs can be designed that will discriminate between the two types of VDR-driven gene expression, leading to the partial agonist conformation of H12 and preferentially activating VDRE-containing promoters in the presence of high levels of activated β-catenin. As elevated β-catenin is a common occurrence in colon cancer, this strategy would lead to selective activation of antiproliferative genes in β-catenin-expressing cancer cells. Such a strategy would offer the additional benefit of repressing β-catenin signaling through TCF sites at the same time as VDR is activated [7] . 
Vitamin D analogs that exploit the Wnt-/β-catenin/ TCF connection
The ligand-binding pocket of VDR is very large, and may be able to accommodate many different analogs [14] . Consequently, one must be cautious when investigating ligand "independent" functions of the VDR as for the most part these are only known to be 1, 25 dihydroxy vitamin D independent and it is possible that they are still able to bind and be activated by other non-canonical ligands, perhaps in a co-activator selective manner. A large number of vitamin D analogs have been identified and screened for their ability to selectively activate the anti-cancer properties of VDR without promoting calcemic side-effects [7] . Certain of these VDR analogs (partial antagonists) do not allow recruitment of classical co-activators and therefore cannot activate VDR in most cells. However they retain the ability to activate VDR in presence of β-catenin [4] . Interestingly, these analogs do not promote the interaction of mutated VDR (E420Q) with β-catenin, suggesting a synergistic contribution to the H12 conformation from the mutation and the partial antagonist ligand [4] .
To identify additional vitamin D analogs, we performed a limited simulation study using the Common Reference Binding Mode (CRBM) strategy, which takes into account receptor/ligand "breathing" [26] . This study identified several compounds that are predicted to activate VDR in the presence of β-catenin (unpublished observations). These compounds have the potential to preferentially activate the VDR pathway in colorectal cancer cells that express high levels of activated β-catenin. Furthermore, they would be predicted to direct β-catenin away from oncogenic binding partners (e.g. TCF/LEF) and into complexes with VDR that promote anti-proliferative gene expression profiles. A recent study reported the development of CD ring analogs of vitamin D3 that show strong inhibition of β-catenin coupled with superagonistic VDRcoactivator interactions [27] . Such strategies might offer the additional benefit of repressing β-catenin-activated proliferative genes while simultaneously sustaining the chemopreventative actions of VDR. In support of such a model, a recent study demonstrated that a polymorphism in the VDR that is associated with protection against colon cancer (the Fok1 f/M4 polymorphism) more efficiently promoted the sequestration of β-catenin away from TCF/LEF target genes [28] .
Further complexities
In many instances human cancer cells and tumors become resistant to the chemopreventative effects of vitamin D. This appears to be due to suppression of the VDR-mediated activation of anti-proliferative genes [2] . Attenuated responsiveness to vitamin D may be accompanied by reduced expression or mutation of the VDR or particular RXRs. An example of this is the snail-mediated reduction of VDR expression that occurs in certain colon tumor systems [29] . Snail RNA expression is found in 60-70% of colon tumors and is inversely correlated with VDR expression [30, 31] . As snail is a β-catenin-TCF target gene, vitamin D analogs that promote β-catenin binding to VDR instead of TCF may exhibit the additional property of preventing late stage loss of responsiveness to vitamin D. Recently the snail family member, snail 2 was also shown to cooperatively downregulate VDR expression via the β-catenin-TCF pathway [31, 32] . β-catenin-selective vitamin D analogs would be predicted to also suppress the activity of snail 2, thus alleviating another dedifferentiating influence that may account for the remaining 20% of vitamin D-resistant human colon cancers that do not show elevated snail expression.
In other cases, resistance to vitamin D therapy is accompanied by a shift in the VDR-driven transcriptome away from anti-proliferative target genes, despite the sustained presence of a functional VDR (reviewed in [2] ). This suggests that other molecular mechanisms are operating to provide resistance to agents such as vitamin D. In further studies, a feedback loop was identified by which vitamin D promotes expression of the secreted protein Dikkhopf (DKK) [33, 34] . DKK family members are negative regulators of the Wnt-β-catenin pathway. Therefore this mechanism acts cooperatively to promote the antiproliferative and pro-differentiating actions of vitamin D by keeping levels of activated β-catenin low.
Calcemic effects of vitamin D
Vitamin D is well established as a key regulator of calcium homeostasis in the bone and intestine. These effects (part of the 'rapid response' to vitamin D) are known to be mediated by the VDR, but occur too rapidly (within minutes to 1 h) to be explained by alterations in transcriptional activation profiles [35] . A non-genomic pathway is believed to be involved in these calcemic effects of vitamin D. This mechanism involves a pool of VDR that is not resident in the cell nucleus but localized to the caveoli membranes close to the cell surface [35] . This pool of VDR interacts with vitamin D ligand in a different conformation from the nuclear DNA-bound VDR. The interaction involves a distinct ligand-binding domain ('rapid response' LBD) that nevertheless overlaps with the established LBD that is involved in genomic responses, thus preventing simultaneous binding of two different ligands [35, 36] .
A longstanding challenge in the use of vitamin D chemopreventives and therapeutics for cancer has been the hypercalcemic response that accompanies high levels of vitamin D exposure. These side effects are caused by the rapid response uptake of calcium by the intestine and limit the therapeutic window for vitamin D or its analogs [7] . In searching for new vitamin D analogs that are preferentially activated at the genomic level in the presence of elevated β-catenin, the ability of such ligands to interact with the nongenomic pool of VDR and influence the calcemic response must also be considered. By using modern molecular modeling techniques, the behavior of these ligands in both scenarios can be predicted before undertaking in vitro and in vivo biological screens. The ideal vitamin D analog will bind to the classical LBD of the VDR in a partially closed conformation, but be unable to interact with the 'rapid response' LBD.
Vitamin D and the immune system
Inflammatory bowel disease (IBD) (including Crohns disease, colitis and irritable bowel syndrome) is a significant risk factor for colorectal cancer [37] .Vitamin D and the VDR are now known to impact upon the regulation of the innate immune system that mediates such inflammatory responses in the colon and other mucosal organs.
Vitamin D acts directly on T cells and indirectly via antigen presenting cells [10] . In autoimmune disease such as Crohns disease, T-helper (Th1) cells drive the disease by secretion of a pro-inflammatory profile of cytokines. In the presence of vitamin D, VDR directly suppresses the Th1 response by inhibiting production of IL-2 (by binding to the NF-AT site in the IL-2 promoter) and IFNγ (via a negative VDRE in the gene promoter) [10, 38, 39] . In vitro studies also show that vitamin D can promote differentiation of Th2 lymphocytes. Under low vitamin D conditions these effects are reduced, leading to elevated Th1 activity and decreased regulatory T cell and Th2 activity, promoting the autoimmune Th1 response [10] . Vitamin D also regulates the secretion of Th1-promoting cytokines IL-12 and IL-10 by dendritic cells and other antigen-presenting cells [10] .
In animal models of Crohns disease (IL-10 −/−), symptoms are severely exacerbated by absence of VDR and can be improved by addition of vitamin D [10] . VDR −/− mice also show increased sensitivity to dextran sodium sulfate (DSS) treatment, a model of mucosal injury. In addition, the response of wild type mice to (DSS) is ameliorated by vitamin D [40] . These studies show that VDR is critical for the innate immune response in the gut. Treatment of VDR −/− mice with AOM leads to elevated levels of GI tract tumors as well as squamous carcinomas of the transitional mucosa of the anus (Bong and Byers, unpublished observations). This susceptibility to squamous carcinoma associated with lack of VDR, may be due to the regulation of mucosal innate immunity by the vitamin D-VDR pathway.
In the innate immune response, activation of certain Toll-like receptors (TLRs), expressed on various immune and non-immune cell types, triggers direct antimicrobial activity against intracellular bacteria [41] . In human monocytes, TLR activation leads to increased expression of VDR and the vitamin D-1-hydroxylase gene, leading to induction of the antimicrobial peptide cathelicidin [41, 42] . Cell culture studies demonstrated that adequate levels of vitamin D are required for the induction of cathelicidin [41] . These findings are supported by clinical studies using serum from African Americans, an ethnic group known to have reduced levels of vitamin D. Monocytes cultured in this low-vitamin D serum was unable to induce cathelicidin, but addition of vitamin D in these samples restored responsiveness [41, 42] .
Collectively, these studies show that vitamin D and the VDR play a key role in the control of the innate immune system. By these means, vitamin-D-driven pathways may be exploited by chemopreventative approaches to influence the development of inflammatory conditions that predispose to cancer as well as to prevent later progression (Fig. 2) . A key area of future interest will be the contribution of the classical and non-classical VDR signaling pathways to these inflammatory outcomes.
Vitamin D-β-catenin interactions beyond the GI tract

Gardners syndrome
Gardners Syndrome is a category within familial adenomatous polyposis (FAP), an autosomal dominant disease caused by a mutation in APC. FAP is characterized by GI polyps followed by early onset of progression to colon cancer. However, Gardners Syndrome is a more severe form of FAP, exhibiting rapid progression of GI polyps to colon cancer as well as extra-colonic manifestations including a propensity for adenomas in the cecum, osteomas, bone opacity, desmoids tumors and epidermoid cysts [43, 44] .
FAP symptoms can be mimicked in mouse models by mutations in APC (e.g. APC 1638 [45] ). This model is characterized by elevated levels of activated β-catenin and develops FAP-like GI polyps that progress to cancer, but does not exhibit the extra colonic symptoms of Gardners Syndrome. Recent work by our laboratory showed that expression of the APC 1638 mutation on a VDR −/− background leads to the appearance of Gardners syndrome phenotypes suggesting that Gardners syndrome represents a type of FAP in which β-catenin is activated but VDR activity is low (Bong and Byers unpublished observations). These observations suggest that Gardners syndrome patients may have mutations in VDR itself or genes responsible for vitamin D metabolism. Present studies using this novel model of Gardners Syndrome are directed toward the goal of determining whether the liganddependent VDR-β-catenin interaction is involved in these extra-colonic manifestations. A clear understanding of the mechanisms involved may mean that vitamin D analogs could be used as therapeutics not only for GI tract symptoms but also to alleviate the extra-colonic effects of this severe and life-threatening disorder.
Alopecia and epidermal tumors
A role for the vitamin D receptor in regulating hair cycle is apparent from the alopecia phenotype of HVDRR as well as from studies using VDR −/− mice In VDR −/− mice, cysts comprising sebocytes and keratinocytes are found in skin, and hair follicles are lacking in follicle lineage stem cells, leading to progressive hair loss. Mutants that fail to bind 1,25 dihydroxy vitamin D can rescue this phenotype indicating a "ligand" independent function of the VDR in this situation [46] . Cross talk between the Wnt-β-catenin and VDR pathways is involved in these epidermal phenotypes.
Defective Wnt signaling influences the division of epidermal stem cells promoting epidermal keratinocyte and sebocyte lineages and inhibiting hair follicle lineages. However, the hairless phenotype of VDR −/− mice cannot be rescued by targeted expression of β-catenin in follicle stem cells. Instead, VDR must be present in the same complex as β-catenin to activate LEF-dependent genes.
Studies using the E420Q mutant of VDR demonstrated that this activation does not require classical co-activators, as VDR-E420Q can rescue the alopecia while it cannot bind coactivators [4] . Interestingly, treatment of VDR −/− mice with an agonist of the sonic hedgehog pathway transiently restores hair cycling, implying an intersection between the VDR-dependent and hedgehog-dependent pathways [47] . As Wnt-and hedgehog-signaling are already linked in other systems, it is likely that a common pathway will be elucidated bringing together Wnt, hedgehog and VDR in the epidermis. Targeted expression of constitutively activated β-catenin in the epidermis leads to epidermal tumors. The type of tumor that forms depends on the presence of VDR: in VDR +/+ mice the tumors that form are trichofolliculomas (similar to human pilomatricomas) but in the absence of VDR, activated β-catenin instead promotes formation of basal cell carcinoma [48] . These data show that in the epidermis, the interaction between VDR and β-catenin leads to super-activation of β-catenin expression, in contrast to the attenuating effects observed in colorectal cancer cells.
Conclusion
The great potential of vitamin D as a chemopreventive agent for colorectal cancer has spurred investigations into the molecular mechanisms that govern its effects. Vitamin Fig. 2 Illustration of the progression of colon cancer and therapeutic strategies. The β-catenin/TCF pathway is activated at an early stage in colorectal cancer by mutations in APC. Subsequently further mutations characterize the progression through to aggressive disease. In late stage disease the β-catenin target genes snail and snail 2 are elevated and suppress VDR expression. Activation of the innate immune response due to infections of the GI tract leads to inflammatory bowel disease. Low circulating levels of vitamin D increase susceptibility to pre-cancerous conditions such as inflammatory bowel disease. Analogs of vitamin D or β-catenin that direct the activation of the non-classical β-catenin-VDR pathway are predicted to act as both chemopreventatives and therapeutics at progressive stages of colorectal cancer by suppressing both the β-catenin-activated and immune response-mediated intersecting pathways D via the VDR directly alters patterns of gene expression, and can influence the outcome between proliferation, differentiation or apoptosis. These genomic effects can be a result of the classical mechanism of VDR recruitment of co-activators on VDREs and the non-classical interactions with the activated β-catenin on other promoters. Detailed molecular biology analysis coupled with molecular modeling studies have shed light upon the intersection between the β-catenin-TCF and vitamin D pathways. Low circulating levels of vitamin D increase susceptibility precancerous conditions such as IBD and also accelerate the progression of colonic neoplasms resulting from APC or β-catenin mutation. The contribution of the classical and nonclassical/β-catenin-VDR pathways to the innate immune response and predisposition to colon cancer has yet to be clarified.
A further complicating factor in the use of vitamin D as a chemotherapeutic is the 'rapid response' uptake of calcium that can result in hypercalcemia and hypercaliurea. This is a non-genomic response and can be mechanistically separated from the positive influence of vitamin D on cell differentiation. Efforts are underway to identify the ideal VDR ligand that can effectively repress colorectal cancer progression while leaving calcium homeostasis unperturbed. Such a molecule may have the added advantage of suppressing the resistance to VDR vitamin D therapy that occurs during late stage colorectal disease and may therefore qualify as both a chemopreventative and a cancer therapeutic, serving the dual roles of preventing the initiation as well as progression GI tract cancers.
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